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Abstract
The embryonic period of motoneuron programmed cell death (PCD) is marked by transient motor axon branching, but the role of
neuromuscular synapses in regulating motoneuron number and axonal branching is not known. Here, we test whether neuromuscular
synapses are required for the quantitative association between reduced skeletal muscle contraction, increased motor neurite branching, and
increased motoneuron survival. We achieved this by comparing agrin and rapsyn mutant mice that lack acetylcholine receptor (AChR)
clusters. There were significant reductions in nerve-evoked skeletal muscle contraction, increases in intramuscular axonal branching, and
increases in spinal motoneuron survival in agrin and rapsyn mutant mice compared with their wild-type littermates at embryonic day 18.5
(E18.5). The maximum nerve-evoked skeletal muscle contraction was reduced a further 17% in agrin mutants than in rapsyn mutants. This
correlated to an increase in motor axon branch extension and number that was 38% more in agrin mutants than in rapsyn mutants. This
suggests that specializations of the neuromuscular synapse that ensure efficient synaptic transmission and muscle contraction are also vital
mediators of motor axon branching. However, these increases in motor axon branching did not correlate with increases in motoneuron
survival when comparing agrin and rapsyn mutants. Thus, agrin-induced synaptic specializations are required for skeletal muscle to
effectively control motoneuron numbers during embryonic development.
© 2003 Elsevier Science (USA). All rights reserved.
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Introduction
Motoneurons located in the spinal cord undergo pro-
grammed cell death (PCD) during normal embryonic devel-
opment in a highly stereotyped spatial and temporal manner
(Williams et al., 1987; Gould et al., 1999; Yamamoto and
Henderson, 1999). The number of motoneurons surviving
the period of PCD is dependent on the presence of their
target skeletal muscle fibers and surrounding Schwann cells
(Hamburger, 1934; Phelan and Hollyday, 1991; Riethma-
cher et al., 1997; Grieshammer et al., 1998). Skeletal muscle
and Schwann cells contain a multitude of neurotrophic fac-
tors that promote motoneuron survival (Oppenheim, 1991;
Henderson et al., 1998; Sendtner et al., 2000). Motoneuron
access to such trophic factors is thought to be regulated by
skeletal muscle activity by changing the extent of branching
and number of synaptic contacts (Oppenheim, 1991; Hen-
derson et al., 1998; Sendtner et al., 2000). For instance,
reductions in skeletal muscle contraction with acetylcholine
receptor (AChR) antagonists such as d-tubocurare and
-bungarotoxin induce correlative increases in neuromus-
cular synapse number, motor neurite branching, and mo-
toneuron survival (Oppenheim et al., 2000). However, the
molecular mechanisms that enable the target skeletal muscle
fiber to control motoneuron death through the neuromuscu-
lar synapse are not known.
An effective way to study the underlying mechanisms by
which the muscle promotes the survival of motoneurons is
by testing whether muscle activity is able to regulate the rate
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of motoneuron death in mutant mice that lack vital signaling
molecules at the neuromuscular synapse. In the present
study, we have used mutant mice that lack the signaling
molecules neural-agrin (called agrnneo/neo here) and rapsyn
to investigate these issues. Agrin is a proteoglycan secreted
by the motor nerve terminal that clusters AChRs by acti-
vating its muscle-specific kinase receptor (MuSK) located
in the postsynaptic membrane (DeChiara et al., 1996; Gau-
tam et al., 1996; Glass et al., 1996). This interaction causes
MuSK’s cytoplasmic domain to become phosphorylated,
triggering a second messenger cascade that ultimately
works through rapsyn, a cytoplasmic peripheral membrane
protein, to bring about postsynaptic clustering of AChRs
(Gautam et al., 1995; Glass et al., 1996). In the absence of
agrin, MuSK or rapsyn postsynaptic specializations includ-
ing AChR clusters are severely perturbed or absent, and
motor neurite branches extend beyond their normal inner-
vation boundaries (Gautam et al., 1995, 1996; Glass et al.,
1996).
Motoneuron survival is increased in agrin, rapsyn, and
MuSK-deficient mice (Banks et al., 2001; Terrado et al.,
2001). This raises new questions that are pertinent in finding
the molecular mechanisms that control motoneuron fate.
How is motoneuron survival increased in the absence of
postsynaptic specializations? Are any aspects of neuromus-
cular synapse differentiation required for motoneuron sur-
vival? If so, which ones? To address these questions, we
quantitatively compared muscle contraction, motor neurite
branching, and motoneuron survival in wild-type, agrnneo/neo
mice and rapsyn-deficient mice. We find reductions in skel-
etal muscle contraction quantitatively correlated to in-
creases in intramuscular axonal branching but not moto-
neuron numbers. Thus, reductions in skeletal muscle
contraction can mediate axonal branching in the absence of
the postsynaptic apparatus. In contrast, the muscle control
of motoneuron numbers requires neuromuscular synaptic
specializations induced by agrin during embryonic devel-
opment.
Materials and methods
Mice
Wild-type embryos and homozygous embryos that carry
a neomycin resistance gene in place of the z-agrin sequence
(agrnneo/neo mice) and rapsyn gene (rapsyn-deficient mice)
were utilized in this study (Gautam et al., 1995, 1996).
Agrnneo/neo mice lack neural agrin (z-form) and over 90% of
all other forms of agrin, and are phenotypically indistin-
guishable from agrin-null mice (Gautam et al., 1996; Bur-
gess et al., 1999). Both lines of mutant mice were main-
tained on a defined C57/BL6 genetic background. Embryos
were obtained from the matings of heterozygous mice car-
rying one copy of the z-agrin or rapsyn gene. The day a
vaginal plug was identified was classified as embryonic day
0.5 (E0.5; Gautam et al., 1996). Pregnant mice were killed
via a lethal dose of Nembutal (30 mg; Boehringer In-
gelheim, Ridgefield, CT) and cervical dislocation. Embryos
Fig. 1. (A) Diaphragm force-frequency characteristics in agrnneo/neo mice (n
5), rapsyn-deficient mice (n  4), and wild-type mice at embryonic day 18.5
(E18.5; n  9). Points represent the mean  SEM percentage maximum
diaphragm contraction resulting from increasing frequencies in phrenic nerve
stimulation. Note that agrnneo/neo mice and rapsyn-deficient mice have their
force-frequency curves moved to the right. This indicates that the loss of
acetylcholine receptor clusters underneath the nerve terminal in agrnneo/neo
mice and rapsyn-deficient mice affects the ability of the nerve to recruit
skeletal muscle fibers to contract. (B) The maximal nerve-induced contraction
in rapsyn and agrnneo/neo mice as a percentage of their wild-type littermates.
The maximal nerve-induced contraction forces generated at high frequency
stimulation (20 or 50 Hz) was significantly greater in wild-type mice compared
with rapsyn-deficient mice and agrnneo/neo mice (**, P  0.01; paired t test).
Moreover, the nerve-induced contraction forces were greater in rapsyn-defi-
cient mice (n  4) compared with agrnneo/neo mice (n  5; #, P  0.027;
unpaired t test). (C) Examples of tetanic recordings from the largest nerve-
induced muscle contraction forces developed after 20 Hz stimulation in wild-
type control, rapsyn-deficient, and agrnneo/neo mice at E18.5. Note that nerve-
induced skeletal muscle contraction is larger in rapsyn-deficient mice
compared with agrnneo/neo mice. Forces generated from contractions are ex-
pressed as micro-Newtons (N).
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were immediately placed in ice-cold 1  phosphate-buff-
ered saline (1  PBS; pH 7.4) and decapitated prior to
dissection. The embryo genotype was found by using a
standard DNA tail assay and by indirect immunofluores-
cence as previously described (Hanley and Merlie, 1991;
Noakes et al., 1993; Gautam et al., 1996). All procedures
were approved by the animal care and ethics committee of
the authors’ institution (University of Queensland) and are
in accordance with the National Health and Medical Re-
search Council Animal Welfare Guidelines of Australia.
Neuron counts and morphometric analyses
Motoneuron counts and morphometric analyses were
performed as previously described (Clarke and Oppenheim,
1995; Banks et al., 2001). Briefly, spinal cords from E13.5
to E18.5 embryos were dissected and immediately placed in
10% neutral buffered formalin for 24 h at room temperature.
The spinal cords were then dehydrated in ethanol and tol-
uene to be processed for wax embedding. Serial 6- to 12-m
sections were cut and stained with 0.1% thionin. Motoneu-
ron numbers were counted in E13.5–E18.5 mouse brachial
lateral motor columns (LMC) on both sides of the spinal
cord by using previously established methods (Clarke and
Oppenheim, 1995; Banks et al., 2001). The brachial LMC
extends from the 5th cervical dorsal root ganglia (DRG) to
the 1st thoracic DRG. Motoneuron numbers were also
counted at E18.5 in the phrenic motor nuclei, which extends
from the 3rd cervical DRG to the 5th cervical DRG. Mo-
toneuron numbers were also counted in the E18.5 lumbar
LMC that extends from the 1st lumbar DRG to the 5th
lumbar DRG. Only large motoneurons that showed a dark
staining cytoplasm, pale nucleus, and dark staining nucleoli
were included in the counts (Clarke and Oppenheim, 1995).
Motoneurons in the LMC with this morphology were
counted in every 10th section, divided by the number of
sections counted, and multiplied by the number of sections
containing the LMC. Sensory neuron numbers were counted
in the 3rd lumbar DRG in E18.5 mice as previously de-
scribed (Clarke and Oppenheim, 1995). Sensory neurons
were counted in every 5th section, divided by the number of
sections counted, and multiplied by the number of sections
containing the DRG. The mouse genotype was not made
available to the researcher conducting the counts (G.B.B.)
until they were completed.
The motoneuron nuclear area and spinal cord volumes
from the brachial LMC were measured as previously de-
scribed (Banks et al., 2001). The motoneuron nuclear area
was measured by projecting the image onto a computer and
circling the nuclei using the NIH Image program. The nu-
clear areas from 50 motoneurons were compared between
wild-type and agrnneo/neo mice by using a nonparametric
Student’s t test using a PRISM statistics computer program.
The spinal cord volume containing the brachial LMC was
measured by drawing the outline of the spinal cord from
every 10th section onto a graphics tablet using a camera
lucida drawing tube and was obtained by using a Magellan
computer program. Four pairs of spinal cord volumes were
compared between wild-type and agrnneo/neo mice by using
a Student’s t test using a PRISM statistics computer pro-
gram.
Motoneuron branching
Immunostaining and quantification of motor neurite
branches were performed in the diaphragm as previously
described (Gautam et al., 1996; Banks et al., 2001). Briefly,
diaphragms were dissected from E14.5 and E18.5 wild-
type, rapsyn-deficient mice and agrnneo/neo mice. They were
immediately placed in 2% paraformaldehyde (pH 7.1) for
2 h at 4°C. The diaphragms were then washed in 1  PBS
and then fixed in 0.1 M glycine (pH 7.1) for 4 h at 4°C and
cleaned of overlying connective tissue. The diaphragms
were then blocked and permeabilized in 3% BSA and 0.5%
Fig. 2. Transverse sections through wild-type (A) and agrnneo/neo (B)
diaphragm muscle at E18.5 showing no change in gross muscle structure
and organization. Arrows show the peripheral location of the muscle fiber
nuclei, which is the same for control and agrnneo/neo fibers. Scale bar, 50
m.
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Triton X-100 in 1  PBS overnight at 4°C. Diaphragms were
then incubated overnight at 4°C in a cocktail of antibodies
specific for neurofilament (1:1000, Sigma; St. Louis, MO,
USA) and synaptophysin (1:50; Dako Corporation, Carpinte-
ria, CA, USA) in 1% BSA, 0.5% Triton X-100 in 1  PBS.
The diaphragms were then washed in five changes of 1% BSA
block solution over 5 h. The diaphragms were then incubated
in FITC anti-rabbit secondary antibody (1:400, Silenus;
Chemicon International, Melbourne, Australia) overnight at
4°C. We next added anti-rabbit TRITC-conjugated -bunga-
rotoxin at 1:400 dilution for 4 h at 4°C (Molecular Probes, Inc.,
Eugene, OR, USA). The diaphragms were then washed over
5 h with four changes of 1% BSA, 0.5% Triton X-100 in 1 
PBS, followed by a rinse in 1  PBS before mounting onto
slides using antifade mounting media (Fluoragaurd; BioRad,
Hercules, CA, USA).
Axon branches were viewed by using an immunofluores-
cence Olympus BX 60 microscope and were drawn onto black
cardboard by using a camera lucida tube by following the
branch patterns as they wound through the muscle (Gautam et
al., 1996; Banks et al., 2001). The extent of branching, the
number of branches exiting the nerve trunk, and the number of
peripheral branch points (bifurcations) were quantified (Banks
et al., 2001). Embryonic day 18.5 diaphragm branching pat-
terns were drawn from the most ventral 1.5 mm of the left
hemidiaphragm. Lines running parallel to the secondary nerve
trunk, which runs down the center of the diaphragm were
drawn 20 m apart. Embryonic day E14.5 diaphragm branch-
ing patterns were drawn from the most ventral 800 m of the
right hemidiaphragm with lines running 10 m apart drawn
parallel to the nerve trunk. The number of tertiary branches
running past the lines were then counted. The number of
branches exiting the nerve trunk on both the lateral and medial
sides were also counted together with the number of branch
points within the muscle periphery. The number of branches
exiting the secondary nerve trunk and in the periphery were
compared between four wild-type and agrnneo/neo mice by
using a Student’s t test using a PRISM computer statistics
program at E18.5. The total number of branches (the number
of branches exiting the secondary nerve trunk and peripheral
branches in the most ventral 1.5 mm of the left hemidia-
phragm) at E18.5 were compared between agrnneo/neo mice
and rapsyn-deficient mice by using an unpaired Student’s t test
using a PRISM computer statistics program. Similarly, the
total number of branches in the most ventral 800 m of the
right hemidiaphragm in agrnneo/neo mice and rapsyn-deficient
mice were compared at E14.5 by using an unpaired t test using
a PRISM statistics program.
Nerve and directly evoked muscle contraction force
Agrnneo/neo mice, rapsyn-deficient and their littermate
control mouse diaphragms with the phrenic nerve and ribs
intact, were dissected from E18.5 embryos in oxygenated
Tyrodes solution (containing 1 mM Mg2, 2 mM Ca2).
The diaphragms were stretched to their optimum length and
Fig. 3. Appearance of the brachial spinal cord and motoneurons within
is unchanged in agrnneo/neo mice (A) compared with their wild-type
littermates (B). Shown are transverse sections through the brachial
LMC at E18.5. Dashed lines indicate the medial border of the LMCs.
Insets show a higher magnification of motoneurons located within the
LMC. Bar, 50 m and 20 m for insets. Quantitation of spinal cord
volume (C) and nuclear area (D) in agrnneo/neo mice and wild-type mice
at E18.5. Bars in (C) show the mean  SD spinal cord volumes
containing the brachial LMCs from n  4 control (wild type) and
agrnneo/neo mice (Agrin/). Bars in (D) show the mean  SD nuclear
area from 50 motor nuclei within the brachial LMCs, from n  4
wild-type and agrnneo/neo mice (Agrin/) at E18.5. The nuclear area is
taken as an indirect measure of motoneuron size. Both spinal cord
volume and motoneuron size were not affected in agrnneo/neo mice.
74 G.B. Banks et al. / Developmental Biology 257 (2003) 71–84
pinned onto a bed of Sylgard in a 5-ml capacity bath and
bathed in Tyrodes solution immediately following dissection.
A fine hook attached to a silk thread was then placed through
the central tendon, which joins the two hemidiaphragms in the
center. The tension was adjusted to give a maximal contraction
following phrenic stimulation with supramaximal single im-
pulses. The phrenic nerve that innervates the diaphragm was
drawn firmly into a stimulating electrode. Two silver chloride
wires, one within the pipette and one on the outer side, were
used to stimulate the phrenic nerve by using a Grass SD9
stimulator (ADInstruments, Castle Hill, Australia). We stimu-
lated the phrenic nerve using single square wave pulses lasting
0.08 ms. The strength of the stimulus began at 4 V and
increased by 1-V increments to 15 V. For diaphragms that did
not respond to low stimuli between 4 and 15 V, the stimulus
was increased by 5 V increments from 15 to 30 V. The voltage
that induced maximal contraction was then used to measure the
tetanic contractions induced by high frequency stimulation at
5, 10, 20, and 50 Hz for the duration shown in Fig. 1. Changes
in tension of the thread were measured by using a Grass strain
gage transducer with a Mac Lab Bridge amplifier (ADInstru-
ments) attached to Mac Lab 4 (ADInstruments) and recorded
on computer with the Mac Lab Scope version 3.6.3 software
(ADInstruments). Comparisons of maximal muscle contrac-
tion force between rapsyn-deficient or agrnneo/neo mice to their
wild-type littermates were made by using a two-tailed paired
Student’s t test. Comparisons of peak muscle contraction force
between rapsyn and agrnneo/neo muscle contractions were
compared by using a two-tailed unpaired Student’s t test.
To test possible degenerative effects of agrin or rapsyn
deficiency on muscle fibers, we directly stimulated the mus-
cle. This was achieved by placing a glass electrode on the
surface of the hemidiaphragm and stimulating at 50 V and
50 Hz for 1 ms.
Muscle development
Diaphragms from E18.5 wild-type and agrnneo/neo mice
were rolled up and placed in 10% neutral buffered formalin.
The diaphragms were then processed for wax embedding as
described above for spinal cords (Banks et al., 2001). Serial
5-m sections were cut and stained with hematoxylin–eosin
and loaded onto slides by using DePeX mounting media.
The cross-sectional area of muscle fibers was quantified by
projecting the image onto the computer screen and circling
them using NIH Image. The cross-sectional area of 50 muscle
fibers was compared between wild-type and agrnneo/neo mice
using a Student’s t test using PRISM statistics software.
Results
Decreases in nerve evoked muscle contraction is greatest in
agrnneo/neo mice when compared with rapsyn-deficient mice
There are distinct differences in the life span of agrnneo/neo
mice and rapsyn-deficient mice mice. Agrnneo/neo mice die at
birth, while rapsyn-deficient mice survive until approxi-
mately 6 h after birth, when death is presumably due to their
inability to breath (Gautam et al., 1995, 1996). To test
whether the differences in life span between agrnneo/neo
mice, rapsyn-deficient mice, and their wild-type littermates
are due to altered nerve-induced muscle contraction, we
measured the single-pulse and tetanic contraction of the
diaphragm at E18.5.
The maximal contractions from single-pulse stimulation
reached in rapsyn-deficient diaphragms were approximately
33% (P  0.014; paired t test) of those produced in
wild-type mice. The single-pulse contractions measured in
agrnneo/neo mice were 21% (P  0.001; paired t test) of
those produced in litter-matched control diaphragms. Thus,
single pulse-evoked skeletal muscle contraction in agrnneo/neo
mice was significantly lower than in rapsyn-deficient mice
(12% reduction; P  0.023; unpaired t test).
We then used the same voltage that gave a maximal
contraction with single-pulse stimulation to stimulate the
muscle at frequencies of 5, 10, 20, and 50 Hz to produce a
tetanic response to compare the level of terminal and motor
unit recruitment between the experimental groups. This is
graphed as percent maximum contraction vs stimulation
frequency in Fig. 1A. In these experiments, we observed
that contraction of diaphragm muscles required greater
stimulation frequencies in both agrnneo/neo mice and rapsyn-
deficient mice compared with their control littermates.
This is depicted by the shift to the right of the percentage
maximum contraction vs stimulation frequency relation-
ship from agrnneo/neo mice and rapsyn-deficient mice
(Fig. 1A).
We next tested whether the maximum force of dia-
phragm muscle contraction achieved by tetanic nerve stim-
ulation was lower in agrnneo/neo and rapsyn-deficient mice
compared with their wild-type littermates. We found that
the maximal contraction after tetanic stimulation was sig-
nificantly smaller in agrnneo/neo mice compared with their
wild-type littermates (72% reduction; P  0.005; paired t
test; Fig. 1B). Similarly, the tetanic induced contraction
force was significantly smaller in rapsyn-deficient mice
compared with their wild-type littermates (55% reduction; P
 0.004; paired t test; Fig. 1B). Thus, the maximal skeletal
muscle contraction evoked by tetanic nerve stimulation in
agrnneo/neo mice was significantly lower than in rapsyn-
deficient mice (17% reduction; P  0.03; unpaired t test).
Together, these results show that the maximal nerve-in-
duced skeletal muscle contraction was lower in agrnneo/neo
diaphragms compared with rapsyn-deficient diaphragms
(Fig. 1B and C), possibly contributing to the shorter life
span of agrnneo/neo mice.
All muscles from mutant and wild-type mice contracted
to the same extent when directly stimulated (data not
shown). This is consistent with the idea that the decreases in
nerve-evoked muscle contraction observed in agrnneo/neo
and rapsyn-deficient mice were due to deficits in neuromus-
cular transmission.
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Another possibility for the decrease in muscle contrac-
tion force in agrnneo/neo mice and rapsyn-deficient mice is a
smaller number of skeletal muscle fibers or altered muscle
morphometry. To test whether muscle morphometry is
changed in agrnneo/neo mice, we quantified the area of mus-
cle fibers in transverse sections of four pairs of diaphragm
muscles from agrnneo/neo mice and control littermates at
E18.5. The cross-sectional area of 50 muscle fibers showed
that muscle fiber area did not change in the agrnneo/neo mice
(214.5  49.5 mm2) compared with wild-type mice (226.7
 90.1 mm2, P  0.4). We found that the overall organi-
zation of muscles and muscle fiber density did not change
between agrnneo/neo mice and control mice (Fig. 2). Further-
more, the proportion of myonuclei placed centrally com-
pared with the outer edge of muscle fibers, a marker of
muscle maturation, did not differ between wild type and
agrnneo/neo mice (Fig. 2, arrows). Finally, we found no signs
of necrosis or fibrosis within agrnneo/neo muscles. These
results indicate that gross muscle fiber development is nor-
mal in agrnneo/neo mice. Similar results have previously
been documented for skeletal muscles from rapsyn-deficient
mice (Banks et al., 2001).
Changes in motoneuron morphology may also contribute
to differences in skeletal muscle contraction. We found no
differences in formation of the spinal cord, LMC, or mo-
toneurons in agrnneo/neo mice at E18.5 (Fig. 3A). To further
support these observations, we quantitated spinal cord vol-
ume containing the brachial LMC and motoneuron nuclear
area. We found no change in spinal cord volume or mo-
toneuron nuclear area, an indirect measure of motoneuron
size (Fig. 3C and D; Holley et al., 1982; Oppenheim et al.,
1982). Together, these results indicate that differences
in nerve-stimulated muscle contraction were likely to re-
sult from changes in efficacy of neuromuscular synaptic
transmission in agrnneo/neo mice and rapsyn-deficient
mice.
Fig. 4. Shown are whole mounts of left hemidiaphragms stained with antibodies to neurofilament and synaptophysin to detect the full extent of intramuscular
nerve branching in wild type (A) and agrnneo/neo (B) mice at E18.5. There was an increase in neurite branching in agrnneo/neo diaphragms. This was quantified
by measuring the number of axon branches that extended past 20-m intervals parallel to the nerve trunk in the most ventral 1.5 mm of the left hemidiaphragm
from four litter matched control (C) and agrnneo/neo mice (D) at E18.5. Shown are the mean numbers  SD of such axonal growth. Axons extended further
on the medial and lateral sides from the secondary nerve trunk in agrnneo/neo hemidiaphragms compared with their wild-type controls. Scale bar, 200 m.
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Intramuscular axonal branching is increased in agrnneo/neo
mice compared to rapsyn-deficient mice
To characterize intramuscular axonal branching in
agrnneo/neo mice, we quantified axon extension and axon
bifurcation number at E18.5 in the most ventral 1.5 mm of
the left hemidiaphragm (Fig. 4). In this region of the dia-
phragm, the secondary phrenic nerve trunk runs down the
center of the diaphragm and extends tertiary branches that
run parallel to the muscle fibers primarily on the lateral side
(Greer et al., 1999; Banks et al., 2001). Side branches that
exited the secondary nerve trunk extended up to 100 m on
the medial side and up to 260 m on the lateral side in
wild-type mice (Fig. 4). However, side branches extended
up to 420 m (420% increase) on the medial side and up to
740 m (285% increase) from the phrenic nerve trunk on
the lateral side in agrnneo/neo mice (Fig. 4). Thus, motor
neurite branches extended beyond their normal innervation
patterns in agrnneo/neo mice.
We next counted the number of branches that exited the
nerve trunk on the medial and lateral sides in agrnneo/neo
mice and wild-type mice in the most ventral 1.5 mm of the
left hemidiaphragm (Fig. 5; arrow heads). There was no
significant difference in the number of branches exiting the
lateral side in agrnneo/neo mice compared with wild-type
mice (Fig. 5C). In contrast, the number of branches that
exited the nerve trunk doubled on the medial side in agrnneo/neo
mice compared with wild-type mice (Fig. 5C). In addition,
we quantified the number of bifurcations within the muscle
periphery in agrnneo/neo mice and wild-type mice (Fig. 5,
arrows). On the medial side, there was a 1500% increase in
the number of branches in agrnneo/neo mice compared with
wild-type mice. On the lateral side, the number of branches
increased by 830% in agrnneo/neo mice compared with wild-
Fig. 5. Motoneuron branches exiting the phrenic nerve trunk (arrow heads) and peripheral bifurcations (arrows) in wild-type (A) and agrnneo/neo mice (B)
at E18.5. Shown are high-powered views of whole mounts of left hemidiaphragms stained with antibodies to neurofilament and synaptophysin (green
fluorescence, A and B). In (A), staining for acetylcholine receptors (AChR) with rhodamine-conjugated -bungarotoxin (red fluorescence) was also done.
Note that the yellow fluorescence in (A) represents sites of overlap between neurites and AChR clusters (merge of green and red fluorescence respectively).
The number of branches exiting the nerve trunk (C) and subsequent peripheral bifurcations (D) were quantified in the most ventral 1.5-mm portion of
wild-type (/) and agrnneo/neo (/) left hemidiaphragms. Bars represent the mean  SD number of axon branches on the medial or lateral sides of the
phrenic nerve trunk taken from n  4 wild-type and agrnneo/neo hemidiaphragms. There were significantly more branches exiting the secondary nerve trunk
on the medial side, but not on the lateral side (C), in agrnneo/neo diaphragms compared with control. In addition, there were significantly more bifurcations
on both the medial and lateral sides of the secondary nerve trunk in agrnneo/neo diaphragms compared with control. (**, P  0.01; t test). Scale bar, 200 m.
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type mice. Together, these results suggest that motor neurite
branches were induced to bifurcate in agrnneo/neo mice in
addition to extending beyond their normal innervation pat-
terns. Similar characteristic changes in motor neurite
branching were also found in rapsyn-deficient diaphragms
(Banks et al., 2001; data not shown).
To test whether motor axon branching was greatest in
agrnneo/neo mice at E14.5, we characterized and quantified
the axonal branching in the most ventral 800 m of the right
hemidiaphragm in agrnneo/neo mice, rapsyn-deficient mice,
and wild-type mice. Like for wild-type mice, branches pri-
marily extended toward the lateral side of the diaphragm in
rapsyn-deficient and agrnneo/neo mice (Fig. 6; rapsyn
branching not shown due to its similarity to wild-type
branching). Motor axon branches extended up to 120 m on
the lateral side of the diaphragm in wild-type, rapsyn-defi-
cient, and agrnneo/neo mice. Medial branches extended up to
60 m in both rapsyn-deficient and wild-type mice. In
contrast, motor axon branches extended up to 90 m on the
medial side of the phrenic nerve trunk in agrnneo/neo mice.
The total number of axon branches (exiting the phrenic
nerve trunk in addition to peripheral branches) in the most
ventral 800 m of the right hemidiaphragm was largest in
agrnneo/neo diaphragms (37.5% increase; P  0.009) fol-
lowed by rapsyn-deficient diaphragms (11.5% increase; P
 0.35) compared with their wild-type littermates at E14.5
(Fig. 7A). Together, these results suggest that phrenic motor
axon branching is greater in agrnneo/neo mice compared with
rapsyn-deficient mice from E14.5 to E18.5, when motoneu-
rons are dying.
Next, we examined whether the degree of branching in
agrnneo/neo mice correlated with the differing impairment of
skeletal muscle contraction observed between agrnneo/neo
mice and rapsyn-deficient mice at E18.5. We compared both
the branch extension and the total number of branches
(branches exiting the nerve trunk in addition to the number
of peripheral branches) from the most ventral 1.5 mm of the
left hemidiaphragm. Branches extended up to 340 m fur-
ther on the lateral side and 180 m further on the medial
side of the left hemidiaphragm in agrnneo/neo mice compared
with rapsyn-deficient mice. There were significantly more
branch bifurcations in agrnneo/neo mice than in rapsyn-defi-
cient mice (38% more; P  0.02; Fig. 7B). These results
show that the increases in motor axon branch extension and
the number of bifurcations correlated with the extent of
reductions in skeletal muscle contraction seen in agrnneo/neo
mice and rapsyn-deficient mice at E18.5.
Promotion of motoneuron survival is the same in agrnneo/neo
and rapsyn deficient mice
Previous studies show that skeletal muscle activity not
only regulates the extent of motor axon branching, but also
the number of motoneurons surviving the period of PCD
(reviewed in Oppenheim, 1991; Landmesser, 1992; Banks
and Noakes, 2002). In addition, modulating the number of
motor axon branches and neuromuscular synapses without
affecting skeletal muscle contraction leads to correlated
changes in motoneuron survival, suggesting that motoneu-
ron number is dependent on the extent of innervation (Tang
and Landmesser, 1993; Usiak and Landmesser, 1999). Sub-
sequently, we tested whether the reductions in skeletal mus-
cle contraction and induction of motor axon branching seen
in agrnneo/neo mice and rapsyn-deficient mice correlated
with increased motoneuron numbers.
As the timing of motoneuron death differs between spi-
nal motor nuclei (Yamamoto and Henderson, 1999), we
made direct quantitative comparisons of motoneuron sur-
vival to branching and skeletal muscle contraction in the
phrenic motor system in both agrnneo/neo mice and rapsyn-
deficient mice. Motoneuron survival was increased in the
phrenic motor nucleus in agrnneo/neo mice (40% increase; P
 0.032) and rapsyn-deficient mice (44% increase; P 
0.032) compared with wild-type mice at E18.5 (Fig. 8). In
contrast, motoneuron survival was the same in agrnneo/neo
mice and rapsyn-deficient mice at E18.5 (P  0.793; Fig.
8). These results indicate that motoneuron survival does not
reflect the proportional decreases in nerve-stimulated skel-
etal muscle contraction or increases in phrenic motor axon
branching.
To test the temporal progression of motoneuron death,
we counted the number of motoneurons from E13.5 to
E18.5 in the brachial LMC of agrnneo/neo mice and their
wild-type littermates (Table 1). Motoneuron death became
significantly greater from E15.5 to E18.5 in both agrnneo/neo
mice and rapsyn-deficient mice compared with their wild-
type littermates. In comparing motoneuron survival for
agrnneo/neo mice and rapsyn-deficient mice, we found no
changes in the temporal progression of motoneuron death
during the period E13.5–E18.5 in which synapse formation
normally occurs (Table 1).
Although not the primary focus of this study, we also
counted the number of sensory neurons in the third lumbar
DRG and found no change at E18.5 in agrnneo/neo mice
(Table 1). This result suggests that the increase survival of
motoneurons was a likely consequence of disrupted mo-
toneuron–skeletal muscle signaling, brought about by the
absence of neural agrin (z-agrin), and not due to general
defects in neural development.
Discussion
Neuromuscular synapses are formed by a complex bidirec-
tional exchange of information between motor axon terminals
and their target skeletal muscle fibers (Sanes and Lichtman,
1999, 2001). Using genetically modified mice that lack z-agrin
or rapsyn (Gautam et al., 1995, 1996), we suggest that the
specializations conferred by these synaptic organizing proteins
influence both axon branching and motoneuron survival during
embryonic development. Skeletal muscle contraction was sig-
nificantly decreased in agrnneo/neo mice and to a lesser extent
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in rapsyn-deficient mice compared with their wild-type lit-
termates. Reductions in skeletal muscle contraction corre-
lated with increases in motor axon branching when com-
paring agrnneo/neo mice, rapsyn-deficient mice, and wild-
type mice. However, the enhancement of motoneuron
survival in both mutant genotypes compared with wild-type
mice was identical throughout PCD.
Nerve-evoked skeletal muscle contraction in agrnneo/neo
mice and rapsyn-deficient mice
The loss of AChR clusters and changes in AChR distri-
bution in the muscle membrane most likely lead to the
reductions in nerve-evoked skeletal muscle activity in
agrnneo/neo and rapsyn-deficient mice. In wild-type mice,
a cluster of nuclei reside underneath the neuromuscular
synapse and express AChRs at much higher levels than
nonsynaptic nuclei (Merlie and Sanes, 1985). This spe-
cialization is retained in rapsyn-deficient mice, leading to
a higher density of diffusely distributed AChRs in the
central region of the muscle cell where normal synaptic
connections are made (Gautam et al., 1995). In agrnneo/neo
mice, however, subsynaptic nuclei do not express AChRs at
higher levels than nonsynaptic muscle nuclei, resulting in a
very low density of AChRs throughout the length of the
muscle fiber (Gautam et al., 1996; Burgess et al., 1999).
Therefore, it is likely that AChRs are more concentrated in
regions of motor axon branching in rapsyn-deficient mice
compared with agrnneo/neo mice (Gautam et al., 1999). Thus,
the lower density of AChRs beneath sites of acetylcholine
release in agrnneo/neo mice compared with rapsyn-deficient
mice may contribute to the significant reduction in nerve-
evoked muscle contraction when comparing these two mu-
tant mice. Consistent with this explanation, we found no
abnormalities in motoneuron differentiation, gross muscle
morphology, and muscle physiology that would affect
nerve-evoked muscle contraction.
The fact that single and high frequency stimulation of
motor axons evokes skeletal muscle contraction suggests
that presynaptic vesicle release machinery is present and
functional in agrnneo/neo mice and rapsyn-deficient mice.
Presynaptic differentiation is relatively normal in rapsyn-
deficient mice, in that synaptic vesicles fill the motor
terminal and active zones are present in the presynaptic
membrane (Gautam et al., 1995). However, electron micro-
graphic analyses of presynaptic terminals in agrnneo/neo
mice suggest that presynaptic terminal differentiation is, for
the most part, unspecialized (approximately 66% of termi-
nals contain less than 3 synaptic vesicles; Gautam et al.,
1996). Thus, the differences in presynaptic differentiation
between agrnneo/neo mice and rapsyn-deficient mice may
also contribute to the differences in skeletal muscle activity.
One mechanism by which this may occur is via the loss of
basal lamina components that interact with presynaptic ves-
icle release machinery in agrnneo/neo mice (reviewed in
Banks and Noakes, 2002). In addition, as yet unidentified
retrograde factors that promote presynaptic differentiation
may also be lost in agrnneo/neo mice (Burgess et al., 1999).
Motor axon branching in agrnneo/neo mice and rapsyn-
deficient mice
In the present study, we found that reduced skeletal muscle
contraction was correlated with increased motor axon branch-
ing when comparing agrnneo/neo, rapsyn-deficient, and wild-
type mice. Specifically, we found that the reduction in nerve-
evoked contraction was greatest in agrnneo/neo mice, followed
by rapsyn-deficient mice, and then wild-type mice. This cor-
related to increased intramuscular axonal branching, which
was greatest in agrnneo/neo mice, followed by rapsyn-deficient
mice, then wild-type mice. Together, these results suggest that
a reduction in skeletal muscle contraction is a key mediator of
motor axon branching in agrnneo/neo mice and rapsyn-deficient
mice.
Motor axon branches normally exit the phrenic nerve
trunk primarily on the lateral side of the diaphragm in
wild-type mice (Greer et al., 1999; Banks et al., 2001). By
characterizing motor axon branching, we found that the
number of motor axon branches that exit the phrenic nerve
trunk is significantly increased on the medial side but not on
the lateral side of the diaphragm in agrnneo/neo mice and
rapsyn-deficient mice. This suggests that impairment of
skeletal muscle contraction affects the expression of mole-
cules that have either attractive or repulsive forces on motor
axons in agrnneo/neo mice and rapsyn-deficient mice. Activ-
ity-dependent molecules that mediate motor axon branching
include PSA-NCAM (Landmesser et al., 1988, 1990; Tang
and Landmesser, 1993; Usiak and Landmesser, 1999; Ra-
fuse and Landmesser, 2000), ephrins (Feng et al., 2000; Lai
et al., 2001), and trophic factors (D’Costa et al., 1998;
Bartlett et al., 2001; Loeb et al., 2002).
Both paralyses and the loss of agrin may contribute to the
increases in motor axon branching in agrnneo/neo mice.
Agrin interacts with polysialilated neural cell adhesion mol-
ecule (PSA-NCAM; Storms et al., 1996; Storms and Rut-
ishauser, 1998). PSA has permissive actions on axonal
branching, and its expression increases when skeletal mus-
cle activity is reduced (Landmesser et al., 1988, 1990; Tang
and Landmesser, 1993; Usiak and Landmesser, 1999; Ra-
fuse and Landmesser, 2000). The efficacy with which cells
bind agrin in vitro is mediated by the PSA moiety on
NCAM (Storms and Rutishauser, 1998). Consequently,
agrin, when present, may attenuate activity-dependent in-
creases in axonal branch extension by binding to PSA-
NCAM and increasing cellular attachment (Chang et al.,
1997; Storms and Rutishauser, 1998). Therefore, the loss of
agrin binding to PSA-NCAM may contribute to the in-
creases in branching seen in agrnneo/neo mice. In addition,
agrin localizes synaptic laminins that contain inhibitory
sequences for axonal branching and these are lost in
agrnneo/neo mice (Campagna et al., 1995, 1997; Iglesias et
al., 1995; Porter et al., 1995; Gautam et al., 1996; Chang et
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al., 1997; Halfter et al., 1997; Patton et al., 1997; Bixby et
al., 2002). Consistent with this possibility, motor axon
branching in agrnneo/neo mice is increased at E14.5 above
wild-type levels, even though AChR clusters are present
(Lin et al., 2001; present study). Thus, reductions in skeletal
muscle contraction and the absence of stop signals at motor
axon terminal endings are possible contributors to the in-
creases in motor axon branching in agrnneo/neo mice. This
may contribute to the increased branching in agrnneo/neo
mice compared with rapsyn-deficient mice as rapsyn-defi-
cient mice retain many of the synaptic molecules, such as
agrin and laminin-2, that inhibit motor axon branching
(Gautam et al., 1995).
Motoneuron survival in agrnneo/neo mice and rapsyn-
deficient mice
In the present study, we found that spinal motoneuron
survival is increased in agrin- and rapsyn-deficient mice.
Motoneuron survival is also increased in cranial motor nu-
clei in rapsyn-, agrin-, and MuSK-deficient mice (Terrado et
al., 2001). Paralyzing skeletal muscle either pharmacologi-
cally or genetically throughout the period of PCD leads to
the survival of nearly all motoneurons (Pittman and Oppen-
heim, 1978, 1979; Oppenheim et al., 1986, 1989, 1997,
2000). Given that a loss of AChR clusters leads to reduc-
tions in skeletal muscle contraction in agrnneo/neo mice and
rapsyn-deficient mice (present study), it seems likely that
these reductions in skeletal muscle contraction are the cause
of increased motoneuron survival. The fact that not all
motoneurons survive the period of PCD in both agrnneo/neo
mice and rapsyn-deficient mice could be caused by residual
skeletal muscle contraction (in addition, see below). There-
fore, neuromuscular synapse specializations that result in
effective synaptic transmission are key mediators of mo-
toneuron fate during embryonic development by regulating
skeletal muscle contraction (Oppenheim et al., 1986, 1997).
Nicotinic AChR antagonists that reduce skeletal muscle
contraction induce correlative increases in motoneuron sur-
vival, intramuscular axonal branching, and neuromuscular
synapse number in a dose/response manner (Usiak and
Landmesser, 1999; Oppenheim et al., 2000). Given that we
Fig. 6. Shown are whole mounts of right hemidiaphragms stained with antibodies to neurofilament and synaptophysin to detect the full extent of intramuscular
nerve branching in wild type (A) and agrnneo/neo (B) mice at E14.5. There was an increase in neurite branching in agrnneo/neo diaphragms. This was quantified
by measuring the number of axon branches that extended past 10-m intervals parallel to the nerve trunk in the most ventral 800 m of the right
hemidiaphragm from three litter matched control (C) and agrnneo/neo mice (D) at E14.5. Shown are the mean numbers  SD of such axonal growth. Axons
extended further on the medial side from the secondary nerve trunk in agrnneo/neo hemidiaphragms compared with their wild-type controls. Axonal branch
extension in rapsyn-deficient mice is similar to wild-type controls and is not shown. Scale bar, 100 m.
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observed lower levels of muscle contraction and increased
axonal branching in agrnneo/neo mice compared with rapsyn-
deficient mice, we would have expected, based on previous
studies of Landmesser and Oppenheim (see Usiak and Land-
messer, 1999; Oppenheim et al., 2000), to have also seen a
commensurate increase in motoneuron survival in agrnneo/neo
mice. However, motoneuron survival was the same in agrnneo/
neo mice compared with rapsyn-deficient mice throughout the
period of PCD. Thus, neuromuscular synapse formation is
required for skeletal muscle activity to effectively control mo-
toneuron survival during embryonic development.
So, if neuromuscular synapse formation is important for
motoneuron survival, then how do reductions in skeletal mus-
cle contraction promote motoneuron survival when neuromus-
cular synapses are genetically perturbed? One mechanism con-
sistent with the “access hypothesis” (see Introduction) is that
increases in motor axon branching promote motoneuron sur-
vival in agrnneo/neo mice and rapsyn-deficient mice by increas-
ing the motoneurons access to Schwann cell and skeletal mus-
cle-derived trophic factors (Oppenheim, 1991; Henderson et
al., 1998; Sendtner et al., 2000). However, increases in branch-
ing may not be the sole determinant of motoneuron survival, as
the increases in axonal branching did not correlate to increases
in motoneuron survival when comparing agrnneo/neo mice with
rapsyn-deficient mice. Given the primary defect in these mice
is at the neuromuscular synapse, we propose that the neuro-
muscular synapse may also be involved in accessing muscle-
derived trophic factors (Gautam et al., 1995, 1996). An in-
creased number of terminal endings in agrnneo/neo mice and
rapsyn-deficient mice abut the muscle fiber surface (Gautam et
al., 1995, 1996) and may retain their ability to access muscle-
derived trophic factors. However, a lower percentage of dif-
ferentiated axon terminal endings in agrnneo/neo mice com-
pared with rapsyn-deficient mice (Gautam et al., 1995, 1996)
may perturb the motoneurons access to muscle-derived trophic
factors in agrnneo/neo mice and consequently lead to noncor-
relative increases in motoneuron survival. Therefore, we pro-
pose that motoneurons require normal presynaptic terminal
differentiation at the neuromuscular junction to access muscle-
derived trophic factors.
In agrnneo/neo mice, but not in rapsyn-deficient mice,
there exists an early transient period of postsynaptic spe-
cializations that are associated with axon terminal endings,
at E14.5 (Lin et al., 2001). This brief period of synapse
initiation could, in turn, drive an increase in motoneuron
death at this age, which may account for why motoneuron
survival is the same between these two lines of mutant mice
(i.e., why we didn’t see increases in motoneuron survival
above that of rapsyn mutants). However, we observed that
while axonal branching remained greater in agrnneo/neo mice
compared with rapsyn-deficient mice from E14.5 to E18.5
(Fig. 7), motoneuron numbers remained the same between
these two mutant lines of mice, over the entire period of
motoneuron PCD (E13.5–E18.5; see Table 1). These results
suggest that this transient period of synapse initiation was
not a contributing factor for why we have observed similar
levels of motoneuron survival between these two mutants,
despite differences in axonal branching.
Another possibility for why we did not see further in-
creases in motoneuron survival in agrnneo/neo mice over that
Fig. 7. Motor axon branching is greatest in agrnneo/neo mice from E14.5 to
E18.5. (A) Comparison of the total number of branches (defined by number
of branch points exiting the phrenic nerve trunk in addition to the number
of peripheral bifurcations) within the most ventral 800-m region of the
right hemidiaphragm from wild-type, rapsyn-deficient (Rapsyn/) and
agrnneo/neo (Agrin/) mice at E14.5. At E14.5, the total number of
branches is significantly greater in agrnneo/neo mice compared with wild-
type mice (**, P  0.01; t test). (B) Comparison of the total number of
branches contained within the most ventral 1.5 mm of the left hemidia-
phragm from wild-type, rapsyn-deficient (Rapsyn/), and agrnneo/neo
(Agrin/) mice, at E18.5. Bars represent the mean  SD number of
axonal branches At E18.5, the total number of branches is significantly
greater in both rapsyn-deficient mice and agrnneo/neo mice compared with
wild-type mice (*, P  0.05; **, P  0.01; t test). In addition, the total
number of branches is significantly greater in agrnneo/neo mice compared
with rapsyn-deficient mice (#, P  0.05; t test).
Fig. 8. Phrenic motoneuron survival is increased in both rapsyn and agrnneo/neo
mice. Shown are the mean SD number of motoneurons contained within the
cervical 3 to cervical 5 segments of the spinal cord that contains the phrenic
motor nucleus in wild-type, rapsyn-deficient mice (rapsyn/) and agrnneo/neo
mice (agrin/). Motoneuron number was significantly increased in rapsyn
and agrnneo/neo mice (*, P  0.05; t test). However, there was no significant
difference in the number of phrenic motoneurons when comparing rapsyn with
agrnneo/neo mice (P  0.793; t test).
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seen in rapsyn-deficient mice could be that decreases in
muscle contraction and increases in axonal branching may
only need to reach a threshold to have an optimal effect on
motoneuron survival. A test for a threshold effect may come
from the analyses of MuSK-deficient mice (Terrado et al.,
2001). MuSK-deficient mice have no AChR clusters or
specialized subsynaptic AChR gene transcription and con-
sequently are thought to have a more disrupted neuromus-
cular synapse than rapsyn-deficient mice and agrnneo/neo
mice (Gautam et al., 1995, 1996, 1999; DeChiara et al.,
1996). Comparisons of cranial motoneuron survival in
agrnneo/neo, MuSK, and rapsyn-deficient mice suggest that
MuSK-deficient mice have the greatest motoneuron survival
(Terrado et al., 2001). However, motoneuron survival in
MuSK-deficient mice is not the greatest in all cranial nuclei
examined, when compared with cranial motoneuron num-
bers in agrnneo/neo mice and rapsyn-deficient mice (Terrado
et al., 2001). This indicates that a direct comparison be-
tween motoneuron survival, branching, and nerve-evoked
muscle contraction for the one motor nerve muscle prepa-
ration in MuSK-deficient mice remains to be elucidated
(Terrado et al., 2001). Furthermore, it remains to be tested
whether presynaptic vesicle abundance and basal lamina
formation are perturbed in MuSK-deficient mice like that in
agrnneo/neo mice or unaffected like that in rapsyn-deficient
mice (see Gautam et al., 1995, 1996).
If a total absence of muscle contraction is taken to be the
“threshold,” spinal motoneuron survival is increased by
approximately 99% at E18.5 in muscular dysgenesis mice
(mdg/mdg; Rieger and Pincon-Raymond, 1981; Oppenheim
et al., 1986). Muscular dysgenesis mice lack the 1-subunit
of the T-tubular dihydropyridine receptor and cannot trans-
duce a muscle action potential from the sarcolemma to
cause calcium release from the sarcoplasmic reticulum
(Chaudhari, 1992). Muscular dysgenesis mice exhibit pro-
fuse branching throughout the diaphragm in correlation with
the increases in motoneuron number (Powell et al., 1984;
Rieger et al., 1984). The approximate 75% increase in
brachial motoneuron survival at E18.5 in rapsyn-deficient
mice and agrnneo/neo mice suggests that motoneuron sur-
vival is below a threshold (i.e., potentially 24% more mo-
toneurons could be saved).
The results of our study provide a framework for
asking new questions. What agrin-mediated synaptic spe-
cializations control motoneuron numbers during embry-
onic development in vivo? First, the organization of basal
lamina in agrnneo/neo mice, but not in rapsyn-deficient
mice, is severely disrupted (Gautam et al., 1995, 1996).
This raises the possibility that agrin directly binds to and
organizes basal lamina components that potentiate the
survival actions of trophic factors (Sendtner et al., 1991,
2000; Cho et al., 1998; Schmidt et al., 1998). In addition,
agrin-induced specializations interact with 1-integrins
that promote motoneuron survival (Martin and Sanes,
1997; Wong et al., 1999). Furthermore, presynaptic dif-
ferentiation is thought to be indirectly mediated by agrin
and is significantly perturbed in most motor nerve termi-
nals in agrnneo/neo mice (Gautam et al., 1996; Burgess et
al., 1999), but not in rapsyn-deficient mice (Gautam et
al., 1995). This loss in presynaptic differentiation may
disrupt the ability of the muscle to mediate motoneuron
number effectively. Lastly, consistent with motoneuron
survival being the same throughout development in agrn-
neo/neo mice and rapsyn-deficient mice, motoneurons may
lose their ability to effectively compete for a limited
supply of muscle-derived trophic molecules in the ab-
sence of a postsynaptic apparatus (Poo, 2001).
In conclusion, neuromuscular synapse specializations
that promote efficient neuromuscular synapse transmission
and skeletal muscle contraction also mediate motor axon
branching during embryonic development. In addition,
agrin-induced synaptic specializations are required for skel-
Table 1
Number of apparently healthy neurons in wild-type, rapsyn-deficient mice and agrnneo/neo mice throughout the period of programmed cell death
Age Control Rapsyn/ Agrnneo/neo Rapsyn/ vs Agrnneo/neo
Brachial E13.5 4519 522 (8) 5051  519 (4) 4687  460 (4) 2 7.2%
Brachial E14.5 3269 144 (3) ND 3362 155 (3) ND
Brachial E15.5 2663 214 (8) 3061  134** (4) 3170 320** (5) 1 3.6%
Brachial E16.5 2470 358 (4) ND 3183 395* (4) ND
Brachial E17.5 1949 226 (7) 2628  406** (4) 2882 269*** (3) 1 9.7%
Brachial E18.5 1489 189 (8) 2537  334*** (4) 2638 329*** (4) 1 4.0%
Lumbar E18.5 2069 340 (4) ND 3448 381** (4) ND
L3 Sensory E18.5 3970 322 (3) ND 4328  648 (3) ND
Note. Values represent the mean  S.D. number of brachial and lumbar motoneurons or lumbar sensory neurons. Mean values for wild-type controls were
combined wild-type controls obtained from the matings of rapsyn and agrnneo/neo (z-agrin) heterozygote mice to account for any differences in genetic
background. The number of motoneurons obtained in rapsyn-deficient mice (Rapsyn/) presented in this table are values obtained from our previous study
(Banks et al., 2001) using exactly the same counting methods. Values in parentheses show the number of animals examined. Percentages refer to the change
in motoneuron number in agrnneo/neo mice with respect to rapsyn-deficient mice (* , P  0.05; **, P  0.01; ***, P  0.001; t test). ND means not
determined. L3 stands for the number of sensory neurons in the third lumbar dorsal root ganglia. Note there were no significant differences in motoneuron
number when comparing rapsyn-deficient mice with agrnneo/neo mice throughout the period of programmed cell death.
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etal muscle to effectively control motoneuron numbers dur-
ing embryonic development.
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